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Abstract The influence of the local terrestrial environment on
nocturnal atmospheric CO2 measurements at a 329-m televi-
sion transmitter tower (and a component of a CO2 monitoring
network) was estimated with a tracer release experiment and a
subsequent simulation of the releases. This was done to char-
acterize the vertical transport of emissions from the surface to
the uppermost tower level and how it is affected by atmospheric
stability. The tracer release experiment was conducted over two
nights in May of 2009 near the Department of Energy’s Savan-
nah River Site (SRS) in South Carolina. Tracer was released on
two contrasting nights—slightly stable and moderately sta-
ble—from several upwind surface locations. Measurements at
the 329-m level on both nights indicate that tracer was able to
mix vertically within a relatively short (∼24 km) distance, im-
plying that nocturnal stable conditions do not necessarily pre-
vent vertical dispersion in the boundary layer and that CO2

measurements at the tower are at least partly influenced by
nearby emissions. A simulation of the tracer release is used to
calculate the tower footprint on the two nights to estimate the
degree to which the local domain affects the tower readings.
The effect of the nocturnal boundary layer on the area sampled
by the tower can be seen clearly, as the footprints were affected
by changes in stability. The contribution of local sources to the

measurements at the tower was minimal, however, suggesting
that nocturnal concentrations at upper levels are contributed
mostly by regional sources.

1 Introduction

In contrast with the multitude of studies of vertical transport in
the convective boundary layer (e.g., Wang et al. 2007;
Barkhatov et al. 2012), vertical transport modeling and mea-
surements remain scarce in the stable boundary layer
(Sogachev and Leclerc 2011). This lack of robust data can
hinder the interpretation of gas concentration measurements
made at a tall tower sensor under stable conditions. Networks
of towers are currently employed as platforms for making CO2

measurements, with the goal of constraining global-scale car-
bon budgets (Andrews et al. 2013). Concentrations at a single
tall (> 300 m) tower should be representative of continental-
scale CO2 distributions (Desai et al. 2008), but the surface area
over which emissions are detected at an upper tower level is
dictated by the local meteorology, especially the atmospheric
stability (Gerbig et al. 2009; Sogachev and Leclerc 2011;
Gloor et al. 2001). Stable conditions often prevail during
nighttime, making such periods ideal for continental-scale
sampling (Gloor et al. 2001). Nocturnal turbulent conditions
do occur, however, depending on the local terrain and meteo-
rology, and the sampled area will tend to be local if there is
significant vertical mixing of respired CO2 (Gerbig et al.
2009). In their paper on continental carbon exchange, Gerbig
et al. (2009) describe the issues involved in the design and
interpretation of a tower network and write BIn a network of
tall towers, the most important [question] is to ask: ‘what is it
that the individual tower observes?’^. We need to know more
about nocturnal eddy transport and the influence of the nearby
environment on a tower.
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The area sampled by a tower in any particular condition is
often described by its Bfootprint,^ a function that weights the
contribution from each point at the surface to the measured
signal (Schmid 2002; Gerbig et al. 2009; Sogachev and
Leclerc 2011; Barcza et al. 2009; Chen et al. 2013). The cal-
culation of a footprint is often accomplished with a transport
model that uses as input either a meteorological reanalysis
(Gloor et al. 2001; Gerbig et al. 2009; Hegarty et al. 2013)
or data from a boundary layer model (Sogachev and Leclerc
2011). As the planetary boundary layer (PBL) becomes more
turbulent, the footprint will be confined to an area near the
tower as vertical mixing will quickly move CO2 upwards.
Gerbig et al. (2009), for example, used the Stochastic Time-
Inverted Lagrangian Transport (STILT) transport model with
an analyzed wind field to estimate footprints of the 30-m level
of the Harvard Forest tower in turbulent daytime conditions
(when mixing leads to small differences between the 30- and
300-m levels) and noted the dominant influence within 20 km
of the tower. In stable conditions, however, the footprint
should begin at a surface point well away from the tower
and extend for long distances (Sogachev and Leclerc 2011).

In August 2008, the BSouth Carolina Tower^ (SCT), a 329-
m television transmitter tower near Beech Island, SC, was
incorporated into the National Oceanic and Atmospheric Ad-
ministration’s (NOAA) tall tower network (a subset of the
Ameriflux network), which measures carbon concentrations
to quantify the terms of the global carbon flux, especially
those dealing with the land surface (Birdsey et al. 2009; Ste-
phens et al. 2007; Gourdji et al. 2012). Terrestrial ecosystems
constitute a major sink of carbon, but their magnitude is un-
certain (Birdsey et al. 2009). NOAA initiated the Carbon
Tracker project to process global carbon measurements and
produce a complete global carbon budget (Peters et al. 2007).
The tower network is currently active in making measure-
ments (Andrews et al. 2013), and this monitoring resource
forms the North American backbone of the Carbon Tracker
project.

Our goal is to determine the location of sources contribut-
ing to the flux signature measured at the SCT. The objective of
this project is to obtain detailed information about the way
eddy activity acts to move a gas emitted from the surface near
the SCT upward to higher levels in the absence of convection.
To accomplish this, a set of artificial tracers was released into
the nocturnal boundary layer (NBL) on two nights from var-
ious locations within a 24-km distance upwind of the tower
(Parker et al., in preparation) and time series of tracer concen-
trations at three tower levels were recorded. The source area
around a tower can be characterized by a Bnear field^ (within
∼50 km) and a Bfar field^ out to the order of 1000 km (Gerbig
et al. 2009), and the focus here is on the SCT near field.
Therefore, a high-resolution mesoscale PBL simulation of a
19 km × 26 km domain (encompassing the area of the exper-
iment) is coupled to a transport model of the tracer release and

validated against the tracer signal at the tower. The coupled
model is then used to estimate the footprints on the two nights.

Several experiments and simulations have helped elucidate
vertical dispersion in the non-convective environment.
Pasquill and Smith (1983) describe several tracer release field
experiments done under neutral and stable conditions,
measuring the vertical distribution at towers within the range
of 230 m. Sogachev and Leclerc (2011) applied the Scalar
Distribution (SCADIS) boundary layer model with a Lagrang-
ian transport model to estimate footprints in the stable bound-
ary layer, and they found that Bthe changing atmospheric strat-
ification determines the footprint which depends not only on
the height of a sensor but also on the time of measurements.^
They also note that the calculation of a footprint can be made
more robust with the inclusion of actual data for comparison,
and this is the goal of the current research. With a validated
simulation of tracer transport, the plume behavior and tower
footprint in stable and neutral conditions can be quantified,
allowing us to understand better the degree to which the
SCT is influenced by the local environment.

2 Tracer field experiment

Tracer releases are a well-established method to study atmo-
spheric motions (van Dop et al. 1998; Leclerc et al. 2003a, b),
but their use to study stable boundary layers is less common.
A nocturnal tracer study was conducted at the SCT site in
May 2009 (Parker et al. in preparation), with the goal of eval-
uating the way gas released from the area near the tall tower is
mixed upward into the moderately stable or slightly stable
boundary layer during lateral advection. The experiment com-
prised the released tracers and their detection at various
heights on the SCT, and the data was then used to validate a
simulation of the release. The tracer release was conducted on
each of two nights, a slightly stable night (May 11th/12th,
2009, Bnight 1^) and a second, moderately stable night
(May 12th/13th, 2009, Bnight 2^), identified as such by their
temperature profiles, the values of the friction velocity (u*),
and Vaisala CL31 (Helsinki, Finland) lidar ceilometer read-
ings of the boundary layer height. Compared to night 1,
night 2 has a stronger late-night inversion (Fig. 1a),
lower u* values (Fig. 1b) (especially at 329 m), and a
shallower mixing layer (Fig. 1c). On night 1, the u*
values fal l after peaking at around 0700 UTC
(3:00 am EDT), while the values on night 2 rise after
reaching a minimum at around the same time (despite a
falling boundary layer height (Fig. 1c)). This occurs
during the release of the tracers and will affect tracer
behavior differently on the two nights. Selected tracer
data from this field experiment and local meteorological
measurements are used in this study (Parker et al., in
preparation).
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2.1 Materials and methods

The SCT site is located within a region characterized by
broken forests and agriculture in the immediate vicinity,
with suburban, urban, and industrial areas (most notably
Augusta, GA) within 20 km. A set of release points was
established from about 3 to 24 km in the quadrant northeast
of the SCT, which was equipped with sampling tubes. As
part of the overall experiment, perfluorocarbon tracer
Perfluorotrimethylcyclohexane (PTCH) (molecular
weight = 450 g/mol) was released at ground level from two
distant points near Aiken, SC, designated asWA (night 1) and
UE (night 2) (Fig. 2). This tracer has a background concen-
tration of several parts per quadrillion by volume (Parker et al.,

in preparation), so we expect an unambiguous signal at the
tower. The PTCH tracer release began at 2:00 am EDT (0600
UTC) on each night. Tracer release ended at 6:00 amEDT (1000
UTC) on night 1, while ending at 5:15 am EDT (0915 UTC) on
night 2. This means that the tracer release occurred during the
period of large u* values on night 1 (Fig. 1b, left), during the
lower (but rising) u* values on night 2 (Fig. 1b, right), and during
the period of gradual stabilization on both nights (Fig. 1c).

The tall tower is normally equipped with several types of
sensors—a (NOAA) tube sampler for CO2, an open-path in-
frared gas analyzer for CO2 and water vapor (Licor Model
7500), and a sonic anemometer (ATI Model Sa, ATI Model
Sx) to measure the three-dimensional wind components and,
through its measurements of wind speed variability, virtual

Fig. 1 a Radio Acoustic Sounding System (RASS) temperature sound-
ing at 6:00 am EDT (1000 UTC) for (left) May 11/12th (night 1),
(right) May 12/13th (night 2), b as in a but for the time series of u*

calculated at the three tower levels. c LIDAR ceilometer readings of the
boundary layer height for both nights. The dotted line is at 329 m
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temperature. For the tracer release experiment, an additional
tube sampler was added to measure PTCH concentrations.
The sensors and tube sampler inlets are deployed at three
levels: 34, 68, and 329 m. The tube samplers have been
discussed in Parker et al. (in preparation), and the reader is
referred there for a detailed description.

In addition to the tower data, a sodar with a radio acoustic
sounding system (RASS) extension (Scintec AG, model
SFAS, Rottenburg, Germany) was installed at 33.455 N,
81.7739 W, near the center of the experiment domain
(Fig. 2), providing temperature and three-dimensional compo-
nents of the velocity and boundary layer depth at 5 m resolu-
tion up to 300 m (Parker et al., in preparation). A second sodar
(Remtech PA2) was installed at 33.340 N, 81.564 W (Fig. 2),
providing another source of wind data throughout the depth of
the boundary layer.

2.2 Experimental results

2.2.1 Night 1: 11 to 12 May, 2009—slightly stable case

The tower readings reveal that boundary layer winds came
from the northeast quadrant the entire night at all levels
(Fig. 3a), in agreement with the RASS (Fig. 4a). Winds at
upper levels slowed as the night progressed (Fig. 4a). The
winds at higher levels were more easterly (Fig. 3a), influenced
by high pressure to the north. Downslope flow at lower levels
was northeasterly, influenced by a decrease in elevation to the
southwest (Fig. 2). Weak vertical temperature gradients
persisted the entire night (Fig. 4c). The signal at the tower

from the released tracer is represented by its χ/Q ratio—the
concentration normalized by the release rate. The PTCH tracer
from point WA reached the tower about 3 h after the tracer
release started at 2:00 am EDT (0600 UTC) (Fig. 5a), after the
34- and 68-m winds shifted to ∼45°, with values at the upper
level peaking at about 1/2 of the lower level value.We also see
how the upper level peak arrives later than that at the lower
level, likely due to the veering wind which would cause the
plume to bend clockwise at upper levels. The latter is also
apparent in the sudden increase in χ/Q after 1000 UTC—no
increase in turbulent mixing at this time is seen in Fig. 1b
(left), implying instead that the later wind shift at upper levels
(Fig. 3a) led to the sudden arrival of the plume at 329 m.

2.2.2 Night 2: 12 to 13 May, 2009—moderately stable night

On night 2, boundary layer winds started off from the south-
east (Figs. 3b and 4b), forcing the tracer to the north of the
tower, but shifted northward from 0400 UTC (midnight EDT)
to 0900 UTC (5:00 am, EDT) (Fig. 3b), allowing for a detect-
able signal. We again see how topography forces the zonal
wind aloft to shift northeasterly closer to the surface
(Fig. 3b). A weak low-level jet (LLJ) formed at about
10:00 pm EDT (0200 UTC) (Fig. 4b), dissipated, then re-
formed after 5:00 am (0900 UTC). A strong inversion starts
forming after 8:00 pm (0000 UTC) (Fig. 4d). As with night 1,
the signal from Pt. UE arrives only after the wind shifts
(Fig. 5b). This tracer was able to mix vertically before

Fig. 2 Map of tracer release points (red) as well as the tower receptor
(black). Topographic heights range from 30 m above sea level (darkest
shading) to 150 m (lightest shading)

Fig. 3 Wind direction (°) at Tall Tower on a night 1 and b night 2
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reaching the tower (despite the low boundary layer heights
present on both nights as seen in Fig. 1c), but on night 2, the
most distant tracer peaks at only about 1/3 its surface value,
whereas on night 1 the tracer is able to mix upward in quan-
tities sufficient to cause the ratio of the peaks to be over half
(albeit briefly), implying the vertical mixing of the tracer was
weaker on the more stable second night. The 329 m χ/Q
values are lower on the second night, reflecting the greater
stability during this time.

3 Tracer simulation

3.1 Materials and methods

Calculating the motion of the tracer and inferring the relation-
ship between the vertical transport and the turbulent properties
of the atmosphere requires knowing the emission rate of the
source as well as estimates of the advection and turbulent
transport terms. While the emission rate in this study is
known, modeling must be used to estimate the advection
and turbulent terms. Similar to the work of Sogachev and
Leclerc (2011), a meteorological model was coupled to a

dispersion model to explicitly calculate the tracer concentra-
tions at each point. Coupled dispersion simulations often lack
observed concentrations of tracer for comparison to the model
results (Sogachev and Leclerc 2011), but our tracer data can be
used to validate our coupled simulation.

3.1.1 RAMS

The Regional Atmospheric Modeling System (RAMS, Pielke
et al. 1992) has been used previously to simulate fine-scale
motions within the nocturnal boundary layer (e.g., Werth et al.
2011) and is selected to recreate the meteorology from the two
nights of the tracer experiment, centered over the domain in
Fig. 6a. RAMS solves the non-hydrostatic equations of mo-
tion for velocity and potential temperature on a staggered po-
lar stereographic C grid (Mesinger and Arakawa 1976). The
model also employs a terrain-following sigma coordinate sys-
tem in the vertical. For our purposes, an innermost domain of
200 m grid spacing was designed covering the area of the
experiment (25.8 km × 19.4 km) (Fig. 6b). This grid is nested
within coarser grids as described below. The Harrington radi-
ation scheme (Harrington 1997) is applied for both shortwave
and longwave radiative transfer. For convection, the Kuo

Fig. 4 Radio Acoustic Sounding System (RASS) profiles of a night 1 wind speed and direction, b night 2 wind speed and direction, c night 1
temperature, d night 2 temperature
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scheme (Kuo 1974) is applied for the coarser grids, while the
innermost, 200 m grid uses an explicit cloud prognostic
scheme (Cotton et al. 1986; Meyers et al. 1992). A Newtonian
Bnudging^ of all grids is applied, by which the outer boundary
of each grid is adjusted towards the values of its parent grid
(Clark and Hall 1991), with the influence of the parent grad-
ually diminishing towards the center of the domain. Two-way
nesting is applied, allowing each inner grid to in turn influence
its respective parent.

The RAMS surface must be assigned values of topography
and land cover, as well as an initial profile of soil energy
content. For the innermost grid, the topography comes from
a high-resolution (3 s) dataset (Fig. 6b), while the coarser grids
use a 30-s digital elevation model dataset. Surface fluxes are
calculated according to the LEAF-3 land surface scheme
(Walko et al. 2000). Each grid square is partitioned into 21
land surface types, based on 1 km U.S. Geological Survey
data, and the surface fluxes are calculated according to the
surface variables (leaf area index, albedo, etc.) associated with
each type. Each land surface type is assigned a roughness
length, which is used in the PBL scheme to calculate momen-
tum fluxes. For other initial variables, some trial and error is

involved. On both nights, the initial soil energy is assigned an
initial value (∼1.0 × 108 J/m3 on night 1, ∼8.0 × 107 J/m3 on
night 2), higher than the observed values (∼8.0 × 107 J/m3 on
night 1, ∼6.5 × 107 J/m3 on night 2), in order to more closely
match the observed nocturnal boundary layers.

The model is run twice—once for the period May 11th,
2009, at 2:00 pm EDT (1800 UTC) to May 12th, 2009, at
8:00 am EDT (1200 UTC) (night 1) and again for the period
May 12th, 2009, at 2:00 pm EDT (1800 UTC) to May 13th,
2009, at 8:00 am EDT (1200 UTC) (night 2). Besides the
dates, several important differences exist between the two
simulations. On the first night, the model is run with nested
grids of 3200, 800, and 200 m, with the 13.5-km resolution
Rapid Update Cycle (RUC) product used as the boundary
conditions (Benjamin et al. 2004). For night 2, however, the
RUC boundary dataset failed to capture the wind shift seen in
Fig. 3b, requiring the use of the 32.4-km resolution North
American Regional Reanalysis (which did capture it) as the
boundary condition (Mesinger et al. 2004). This in turn re-
quired the addition of a new outermost grid of 12.8 km grid
spacing, maintaining the 1/4 outer-to-inner ratio of grid
spacing.

Another difference was in the vertical grid spacing. On
night 1, the lowest level is 30 m deep, increasing 15 % for
each succeeding layer up to a maximum of 500 m depth. On
the more stable night 2, the lowest level was set at 15 m. On
both nights, the model is run on all grids with the Mellor-
Yamada scheme (Mellor andYamada 1974) to determine eddy
diffusivities in the vertical (though these were not used in the
simulation of tracer dispersion), with the Smagorinsky (1963)
horizontal deformation scheme for the horizontal diffusion.
The latter sets diffusion equal to 0.32 multiplied by the prod-
uct of the horizontal deformation and the grid spacing. On
night 2, however, simulated tracer failed to mix upwards, in-
dicating insufficient TKE. The damping term in the TKE bud-
get equation was therefore reduced by a factor of ∼17,
allowing TKE to accumulate in the nocturnal boundary layer.

3.1.2 HYSPLIT

The HYbrid Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT) dispersion model (Draxler and Hess 1998) is ap-
plied to calculate the tracer concentration at each point in the
domain, using the RAMS gridded meteorological data as in-
put. This model has proven itself very useful for simulating
airborne chemical transport from a source to a receptor loca-
tion (e.g., Stunder et al. 2007) and is used here to reproduce
the tracer transport from the two emission points to the SCT to
be compared with the observed data. HYSPLIT is run by
ingesting the RAMS data and applying a known source term,
and the resulting simulated plume is then validated against the
observed tracer data. The full plume simulation can then be
used to elucidate the vertical tracer transport.

Fig. 5 χ/Q ratio for a night 1 and b night 2
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HYSPLIT uses turbulence kinetic energy (TKE) taken
from the mesoscale model to calculate a Gaussian distribution
of turbulent wind values, which are randomly added to the
mean wind values (taken from the 200 m RAMS grid) to get
the transport of each Lagrangian tracer particle. As they are
released into the atmosphere, the particles will begin as a
concentrated cloud that gradually disperses as the particles
are assigned different turbulent velocities.

3.2 Results: night 1 (11 to 12 May, 2009)

The model wind directions and temperature on the first night
(Figs. 7 and 8) approximate the observed values at two levels
at the tall tower. Temperatures agree to within about 1 °C.
Both levels experience a gradual cooling, with winds out of

the northeast. The model captures the wind shifts and vertical
shear during the night (Figs. 7c and 8c), with errors usually
less than 10°. At both levels, however, the RAMSwind speeds
show large errors (Figs. 7b and 8b).

The simulated PBL (Fig. 9a) and the RASS (Fig. 4a) fea-
ture winds out of the NE to ENE up to the tower level
(Fig. 9a), with faster winds above 200 m from 0000 UTC
(8:00 pm EDT) to 0400 UTC (midnight) that decrease after-
ward. Simulated cooling at the surface occurs at a slow rate
(Fig. 9b), precluding the formation of an inversion in the 0–
350-m range, with TKE remaining large (with a gradual de-
crease) within a deep layer (Fig. 9b). This has the effect of
maintaining vertical turbulent transport (and preventing the
LLJ from forming) throughout most of the night. We also
see a weak effect of drainage flow as convergence in the

SC

GA

Grid 1

Grid 2

WA

UE

a

b

Fig. 6 Topography (m above sea
level) for a grids 1 and 2, and b
grid 3. The star indicates the
tower location, and the circles
indicate the release points
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low-lying areas (not shown). The observed surface loses its
heat more quickly (Fig. 4c), for a more isothermal boundary
layer (Fig. 4c).

The observed NBL tends to lie within the E (weakly stable)
category of the Pasquill-Gifford scale (−0.5 °C/100 m < ΔT/
Δz < 1.5 °C/100 m), with the simulated values lying in the D
(neutral) category (−1.5 °C/100 m < ΔT/Δz < −0.5 °C/
100 m), likely due to the slow cooling between 0 and 50 m.
Both the simulated and the observed boundary layers are dom-
inated by weak sinking motion (not shown), but we neverthe-
less expect the turbulent transport to move tracer upwards.

The meteorological variables from the RAMS simulation
served as input to the HYSPLIT tracer model, and this is used
to recreate what happened to the tracer that night. The release
of tracer from point WA is simulated, using the known release
rate (1906 g/h). We are interested in the rate at which the tracer
concentrations fall with distance from the source and with
height. In keeping with previous studies involving the evalu-
ation of dispersion models against observations from field

projects (Chang et al. 2003; Perry et al. 2005), we select a
metric that measures the plume dispersion, the maximum trac-
er concentration at a fixed distance from the source, to be
compared with the measured tracer maxima.

We define an arc of points that is equidistant from the
release point and that intersects the tower, and look at cross-
sections of the simulated plume along this arc at different
times (Fig. 10a). The plume is just arriving at this distance at
0700 UTC (3:00 am EDT, 1 h after the release began), reaches
its peak at 0800 UTC–0900 UTC, starts to disperse horizon-
tally at 0900 UTC–1000 UTC, and dissipates from
1000 UTC–1100 UTC after the source is turned off
(Fig. 10a). The simulated plume sweeps southward across
the SCT at about 6:00 am–7:00 am EDT (1000–1100 UTC)
as the wind becomes northerly. We note the shifting of the
plume to the southeast, as well as the effect of directional wind
shear—the upper-level peaks are often shifted relative to the
lower level peak.

Errors in the simulated wind speed can cause the plume to
arrive at the tower location at the wrong time, even if the

Fig. 7 Comparison of RAMS data with observed tower data for night
1 at 34 m for a temperature, b wind speed, and c wind direction

Fig. 8 As in Fig. 7 but at 329 m
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plume forms correctly. We are interested in comparing the
way that vertical mixing causes the simulated and observed
plumes to vary with height. Assuming that the maximum con-
centration at each level represents the plume center of both the
observed and actual plumes, we plot the simulated maximum
value along the arc as a function of time (Fig. 11a) for com-
parison to the observed peaks in concentration. We see that at
34 m the simulated concentrations reach values of 8000 ppqV,
similar to those seen when the actual plume swept over the
tower (Fig. 11a, left). At 329 m, the simulated plume briefly
reaches peak values greater than 6000 ppqV at 0830 UTC
(4:30 am EDT) but starts to disperse afterwards (Fig. 11a,
right). The simulated plume seems to spread out faster than
the observed plume, by 1000 UTC (6:00 am, EDT); the for-
mer has dropped to 2750 ppqV, while the latter is peaking
(briefly) at about 4500 ppqV before dropping to 2600 ppqV
by 1020 UTC. The qualitative agreement between the two
suggests that the model is simulating vertical turbulent trans-
port with reasonable accuracy.

We next want to calculate the tower flux footprint using this
simulation. The flux F at the level zm due to a source So at
location xo can be described as (Hsieh et al. 2000)

F zmð Þ ¼ So f xo; zmð Þ; ð1Þ

where f is a dimensionless flux footprint function. In a La-
grangian model, this can be approximated as

F zmð Þ ¼ So n
.
N

� �
; ð2Þ

in which n is the number of particles that arrive at the sensor,
normalized by the total number released (N) from point xo. A
series of inverse transport simulations (i.e., running the model

Fig. 9 a Simulated night 1 wind vectors and speeds (m/s) at the center of
the innermost domain. b As in a but for temperature (shaded, °C) and
TKE (m2/s2)

Fig. 10 Cross-section of simulated tracer concentrations as a function of
distance from due south along the arc as described in the text for a night 1
and b night 2
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backward in time, or Bbacktracking^) can be performed to
solve for n at any location—releasing N particles from the a
level of the tower (zm) at various times and counting how
many arrive at the surface moving upwind while dispersing
downward. This pattern of particles within the surface layer
constitutes the footprint—a measure of how strongly any area
near the tower contributes to the tower signal:

f xo; zmð Þ ¼ n xo; zmð Þ
.
N ; ð3Þ

in which n(xo, zm) is the number that diffuses to a level near the
surface from the release point of height zm to location xo. The
more particles mix downward into a particular area, the more
strongly that area influences the tower signal.

A large number of particles (N = 100,000) was re-
leased from the 329-m tower level on the grid 3 domain
as a single Bpuff^ each hour, and the fraction (n/N) of
these particles that diffuses into the surface layer (0 to
20 m, approximating the level of the forest canopy)
within 1 h in each model grid square constitutes the
footprint (Fig. 12). (The 1-h period was chosen based
on the approximate simulated travel time for the tracer
to reach the distance to the tower.) On night 1, the
footprint lies to the northeast of the tower at all times,
a consequence of the northeasterly wind (Fig. 9). To-
wards the end of the period (after the actual tracer re-
lease was stopped), the footprint is reduced (Fig. 12e, f)

as the TKE is reduced (Fig. 9b), implying that the local
influence becomes weaker. (Note that observed u*
values fall from 0800 UTC to 1100 UTC, also implying
weaker mixing.) About 50–80 % of the particles have
left the domain after 1 h at all release times except for
1100 UTC, when none have. (After 2 h, however, al-
most no particles remain over the grid 3 domain.) Over-
all, the total number of particles that disperse to the 20-
m level is small, falling from 3.0 % at 0600 UTC to
almost zero by 1100 UTC.

An additional simulation was done in which the particles
were released at 34 m, the lowest tower level. This had the
effect of keepingmore of the particles near the ground, but still
implied a small effect of the local surface at this level; after
1 h, 2–5 % of the particles have dispersed to below 20 m, and
after 2 h, very few particles (0–3%) still within the domain are
below 20 m.

3.3 Results: night 2 (12 to 13 May, 2009)

On night 2, the wind was out of the southeast as the experi-
ment began (Fig. 3b) but swung around to the northeast during
the night, providing an opportunity for the SCT to sample the
plume. At 34 m, the RAMS simulation captures the wind shift
and gradual rise in wind speed, as well as the gradual cooling
trend (Fig. 13), though errors of about 1.0 m/s and 2° do exist,

Fig. 11 a Time series of night 1 observed concentrations of tracer PTCH at the tower (dashed lines), alongwith the simulated maximumvalues along the
arc (solid lines) at 34 m (left) and 329 m (right). b As in a but for night 2
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respectively. We also see a rise of temperature after 1000 UTC
(weaker in the model). At 329 m, however, the model has
more difficulty with the wind speed (errors of about 3–5 m/
s) and underestimates the shift in direction (errors of about
20°) (Fig. 14). We do see a weaker cooling trend at this level
relative to 34 m, setting up an inversion for the later portion of
the night. The simulated PBL on this night (Fig. 15) features a
weak jet forming at 0300 UTC (11:00 pm EDT) that fades
before reforming at 0800 UTC (4:00 am EDT), similar to the
observed PBL (Fig. 4b). The strongest inversion in the model
does form later than observed (Fig. 4d), and the strongest
temperature gradient lies higher (between 100 and 150 m)
than in the observations (at about 50 m). In the model and
the observations, this night more closely resembles a classic
nocturnal PBL pattern, an inversion forming late in the night,
with a strong LLJ forming above it and a turbulent layer under
the jet (Fig. 15b). The latter is in agreement with increased
values of u* after 0800 UTC seen in Fig. 1b (left). We also see
stronger convergence in low-lying areas on night 2 (not
shown), implying a stronger drainage flow on the more stable

night, and the simulated and observed boundary layers are
again both dominated by sinking motion (not shown). The
simulated NBL lies within the E (stable) category of the
Pasquill-Gifford scale (−0.5 °C/100 m < ΔT/Δz < 1.5 °C/
100 m), while the observed values are within the stronger F
category (1.5 °C/100 m < ΔT/Δz < 4.0 °C/100 m). This is
likely due to inadequate surface cooling in the simulation.

Similar to night 1, the HYSPLIT model is run for the
tracer release from the most distant point—in this case,
point UE (Fig. 2) and a release rate of 396 g/h. The
cross-sections (Fig. 10b) show the plume spreading out
with time, with weaker upward mixing. The plume has
not yet arrived at 0700 UTC (3:00 am EDT), reaches its
maximum at 0900 UTC, and starts to fade soon after.
The simulated maximum values along the arc reach
values similar to the observed values at the observed
peak time times (Fig. 11b), again indicating that the
model is adequately simulating vertical mixing.

As for night 1, 100,000 particles are released from the 329-
m level of the tower, and this is used to calculate the night 2

Fig. 12 Simulated night 1
footprint at landing time a 0600
UTC, b 0700 UTC, c 0800 UTC,
d 0900 UTC, e 1000 UTC, and f
1100 UTC. Units represent
fraction of released particles per
square meter × 10−9, the dot
represents the location of the tall
tower, and the triangle is the
release point
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footprint (Fig. 16). Early in the simulated period at
2:00 am to 3:00 am EDT (0600 to 0700 UTC), the foot-
prints indicate a local influence comparable to night 1
(Fig. 16a, b), as the strongest inversion has not yet formed
(Fig. 15b), in agreement with the generally higher bound-
ary layer values (Fig. 1c) at this time. As night 2 pro-
gresses, however, the turbulent activity actually increases
as the jet forms (Fig. 15b), as buoyant damping and dis-
sipation are balanced by shear production, also seen in
observed TKE budgets (Duarte et al. 2015). This is in
agreement with Fig. 1b—the friction velocity values on
night 2 rise after 0600 UTC (2:00 am EDT) until
1100 UTC when they are approximately equal between
night 1 and night 2, despite the greater stability on night
2. Consequently, the footprints indicate a stronger local
influence on the tower later in the night on night 2 (not
seen in the tracer data, as the release was stopped at 0915
UTC). The tower is sampling an area further from the
tower on night 2, however, as the footprint extends well

beyond the grid 4 domain, with a large fraction of parti-
cles (70–80 %) released after 0800 UTC having left the
domain after 1 h (and more than 97 % leaving after 2 h).
The fraction of particles that reach the 20-m level after
1 h varies between 0.5 and 2.5 %.

As for night 1, a second release experiment is done
with the particles released from the 34-m level of the
tower. Now, 3–8 % of the particles have dispersed be-
low the 20-m level within 1 h—several times more than
for the 329-m release but still indicative of a small local
influence.

4 Discussion and conclusions

Night 1 was characterized by a period of stronger mixing from
0600 UTC to 0900 UTC, followed by a reduction as the
values of u* and the boundary layer height both fell. The

Fig. 13 Comparison of RAMS data with observed tower data for night
2 at 34 m for a temperature, b wind speed, and c wind direction

Fig. 14 As in Fig. 13 but at 329 m
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simulated night 1 footprints show a fading of the local influ-
ence during that latter period. Night 2 had lower values of u*
during the tracer release period and a more rapid stabilization.
A period of stronger mixing beneath the jet between 0900
UTC and 1100 UTC on night 2 allowed for a larger simulated
footprint during this time.

We can draw three conclusions from this experiment:

i). A tracer released within 24 km of the SCT was
detected at the uppermost sensor (329 m) on the
two nights, indicating that, even in nocturnal condi-
tions, sufficient vertical mixing exists to move trac-
er from the surface to this level. This implies that
moderately or slightly stable nocturnal conditions do
not necessarily confine gases released at the surface
within a shallow layer.

ii). A fetch of 25 km in length is adequate for a tracer to be
mixed upwards to 329 m, a level typical of a Btall^ sam-
pling tower. This indicates that such a tower is at least
partly influenced by the local landscape during a time
when it is assumed to be sampling continental-scale air
masses.

iii). The small χ/Q values and the simulation of the
tracer release show how, while it is detectable, the
local influence is small. In the backtracking

simulations, only about 1–3 % of the particles at
329 m land within the domain on either night
(about double that when released at 34 m), with
most of the released particles leaving the domain
(∼20 km) within a short time (1–2 h). This suggests
that the boundary layer height in Fig. 1c can be
considered as a Bleaky^ barrier to upward diffusion,
confining most of the tracer released beneath it.
The fact that most particles released at 329 m ulti-
mately left the local domain implies that this level
of the tall tower is instead sampling CO2 released
hours earlier from areas beyond 25 km, as neces-
sary to accomplish the goals of Carbon Tracker.
This is similar to the conclusion from Sogachev
and Leclerc (2011), in which calculated tower foot-
prints in stable conditions often lay entirely beyond
50 km of the tower, indicating that the tower is
predominately sampling areas hundreds of kilome-
ters away.

Confidence in the results based on a simulation is of
course limited by the quality of the simulation. Our
simulation of the boundary layer on the two nights is
in general agreement with the observed boundary layer.
Errors in the simulated winds do lead to problems in
the simulated plumes when compared to tracer data—on
both nights, the plumes seem to form properly but not
move as observed. Because the maximum simulated
concentrations at the tower distance at the different tow-
er levels are in (again, rough) agreement with the ob-
served values, however, the simulated vertical diffusion
and the simulated footprints are a good representation of
the influence of the surrounding area on the tower. This
conclusion is strengthened by the agreement between
the simulated footprint behavior and the observed mea-
sures of stability and vertical transport.

This study has implications beyond a single tower.
Our results speak to the importance of vertical transport
on the calculation of a global carbon budget constrained
with limited carbon measurements. Gerbig et al. (2009)
discuss that errors in the parameterized vertical transport
in transport models used for top-down inversions can
produce errors in the reconstructed global emissions.
Peters et al. (2004) demonstrated errors in the global
budget of an artificial tracer (SF6) and attributed some
of them to problems with the calculation of vertical
eddy diffusivity in the TM5 transport model, the same
model used by Carbon Tracker to get the global carbon
inversion. Gerbig et al. (2009) also suggest Badding Li-
dar measurements to monitor mixing heights at the tall
tower locations, which when assimilated into the mete-
orological transport fields are likely to improve the rep-
resentation of the measurements.^ In the absence of

Fig. 15 As in Fig. 9 but for night 2
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such measurements, numerical modeling can serve as a
good proxy for the determination of mixing parameters.

We have demonstrated the benefit of modeling in assessing
a tower sampling site, and this could be applied to other sites
as Gerbig et al. (2009) suggests. The influence of the local
environment is related to both vertical mixing and advection,
and weaker advection of air from distant sources could make
the local influence stronger than was seen during the nights of
the tracer release. The local effect must be considered when
data from a tall tower is being evaluated.
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